The goal of the present study was to modulate the phenotype expression of hepatocytes in vitro on surfaces imprinted with growth factors (GFs). Hepatocyte growth factor (HGF) or transforming-growth factor-b1 (TGF-b1) were mixed with collagen (I) and robotically printed onto standard glass slides to create arrays of 300 mm or 500 mm diameter spots. Primary rat hepatocytes were seeded on top of the arrays, forming clusters corresponding in size to the underlying protein spots. The TGF-b1 spots appeared to downregulate markers of hepatic (epithelial) phenotype while upregulating expression of mesenchymal markers. Conversely, hepatocytes cultured on HGF spots maintained high level of epithelial markers. When hepatocytes were seeded onto alternating spots of HGF and TGF-b1, their phenotype was found to depend on center-to-center distance between the spots. At shorter distances cross-expression of epithelial and mesenchymal markers was observed while at distances exceeding 1.25 mm divergence of phenotypes, epithelial on HGF and mesenchymal on TGF-b was seen. Overall, our results demonstrate that GF-encoded surfaces can modulate phenotype within groups of cells cultured on the same surface. Given the importance of phenotype switching in development, fibrosis and cancer, this platform may be used to gain useful insights into the mechanisms of processes such as epithelial-to-mesenchymal transition or stem cell fate selections.
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Introduction
Local signaling is at the core of multiple biological processes related to embryogenesis, regeneration and tissue injury. [1] [2] [3] [4] [5] For example, in the liver, stem cell niche is purported to be located in the canals of Hering -an anatomical structure where biliary epithelial cell, stem cell and hepatocyte populations are juxtaposed. 6, 7 It is presumed that perturbation to the microenvironment, during injury for example, triggers local production of paracrine factors which in turn guide stem cell fate selection to biliary or hepatic phenotype. 7, 8 Another example of locationspecific paracrine signaling is related to liver injury. Because injurious agents are carried into the liver through portal vein, their effects are more pronounced in periportal regions. These regions are associated with aberrant matrix deposition, higher levels of pro-fibrogenic growth factors, presence of activated mesenchymal cells that produce such growth factors. 9, 10 These are but two of many examples highlighting the importance of local paracrine signaling in tissue development and injury. Transforming growth factor (TGF)-b1 and hepatocyte growth factor (HGF) are two key liver-related morphogens. TGF-b, a profibrogenic paracrine factor produced in the injured liver by activated mesenchymal cells, is associated with de-differentiation and epithelial-to-mesenchymal transition (EMT) of hepatocytes.
Hepatocytes are epithelial cells that favor cell-cell contact, low motility and express only cytokeratin as intermediate filaments (IF). 19 Typically, change from epithelial to mesenchymal phenotypes in hepatocytes is associated with loss of cell-cell contact and acquisition of mesenchymal features including switch from E-to N-cadherin and increase in cellular motility. 12, 13 There is also progressive replacement of cytokeratin by vimentin IFs. 20 As noted in the previous paragraph, this transformation is promoted by pro-fibrogenic cytokines such as TGF-b and is prevented by anti-fibrogenic signals such as HGF. 18 In the present work, we wanted to deliver contradictory signals, HGF and TGF-b, to primary hepatocytes residing in the same culture dish in order to study phenotype plasticity and communication between the cells. There are a number of strategies for defining local cell microenvironment, including scaffolds, [21] [22] [23] micropatterned surfaces [24] [25] [26] [27] and microfluidic devices. [28] [29] [30] We chose to build on the strategy for GF patterning reported by us previously, 31, 32 whereby GF molecules are mixed with carrier ECM protein in solution and are printed on the culture surface. These GF molecules were not only retained on the surface for several days under physiological conditions but were also highly functional, helping to maintain phenotype of primary hepatocytes 31, 32 and inducing hepatic phenotype in stem cells. 26, [33] [34] [35] In the set of experiments described in the present paper, HGF and TGF-b1 spots were printed side by side and were used for cultivation of primary rat hepatocytes. These GF encoded surfaces where used to characterize how epithelial vs. mesenchymal phenotype of cells varied as a function of local delivery of signals. Additional studies were conducted to control the distance between the GF spots in order to investigate paracrine cross-talk between groups of hepatocytes receiving divergent signals. Printing collagen and GF spots on glass substrates
Materials and methods

Chemicals and materials
Glass slides were modified with acryloxypropyl trichlorosilane using protocols described previously. 31 
Cultivation of primary hepatocytes on GF microarrays
Adult female Lewis rats weighing 125-200 g were purchased from Charles River Laboratories (Boston, MA) and fed with a Fig. 1 Outline of microarray fabrication. Collagen I was mixed with HGF or TGF-b1 before being patterned on a glass slide coated with acrylopropyl trichlorosilane. Each spot is 150 mm, 300 mm or 500 mm in diameter and spacing between spots is 1.0 mm (center-to-center) (i). Hepatocytes were seeded onto the glass slides to form a monolayer of cells atop the collagen I spots containing two different growth factors (ii). Schematic diagram showing the morphology of rat primary hepatocytes cultured on HGF and TGF-b1 spots (iii). Abbreviation: GFs, growth factors; col, collagen type I; HGF, hepatocyte growth factor; TGF-b1, transforming growth factor-b1.
commercial diet and water. All animal experiments were performed according to the National Institutes of Health (NIH) guidelines for the ethical care and use of laboratory animals and the experimental protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of the University of California, Davis. Primary hepatocytes were isolated from adult female Lewis rats using a standard two-step collagenase perfusion procedure. 36 Typically, 100 to 200 million hepatocytes were obtained with viability >90% as determined by trypan blue exclusion. Primary hepatocytes were maintained in DMEM supplemented with epidermal growth factor (EGF), glucagon, hydrocortisone sodium succinate, recombinant human insulin, 200 units per mL penicillin, 200 mg mL À1 streptomycin and 10% FBS. For cell seeding experiments, a glass slide containing printed arrays of ECM/GF was cut into (1 Â 1) squares to fit into a 6-well plate. Typically, GFs were printed into arrays of 500 mm diameter spots. The distance between rows was 250 mm and the center-to-center spacing of the spots was 1 mm. Hepatocytes were seeded to form cellular arrays using protocols described elsewhere. 25 In brief, glass slides containing printed ECM/GF spots were first exposed to 3 mL of hepatocytes suspended in culture medium at a concentration of 1 Â 10 6 cells per mL. After 1 h of incubation at 37 1C, hepatocytes bound on ECM/GF domains, but did not attach on the surrounding silane-modified surface. The samples were then washed twice in PBS to remove unbound hepatocytes and fresh media was added to the sample well.
Inhibition of HGF signaling
In order to study the roles of HGF and TGF-b1 in distancedependent modulation of EMT in rat primary hepatocytes, we administered c-met inhibitor (SU11274, 5 mM), a potent inhibitor of HGF induced signaling pathway and TGF-b1 blockers (SB431542, 5 mM). Following initial adhesion, the hepatocytes were cultured for five days in presence of inhibitors. Hepatocyte cultures without inhibitors were always grown in parallel as controls. Media was changed every second day.
Analysis of hepatic phenotype
Expression of hepatic phenotype was assessed by ELISA to measure the albumin and urea secretion. Western blotting and immunostaining was also performed to measure epithelial and mesenchymal markers in protein level. For ELISA, cell culture supernatant was collected everyday and assayed according to manufacturer's instructions (R&D systems). For immunostaining, cells were fixed in 4% paraformaldehyde + 0.3% Triton-X100 in PBS for 15 min. The cells were then incubated in blocking solution (1% bovine serum albumin (BSA) in PBS) for 1 h and exposed to primary antibody for 90 min. The samples were washed for three times, and incubated with appropriate secondary antibodies conjugated with Alexa Fluorophore (Invitrogen) for 1 h. After three times washing, slides were mounted onto cover slips using DAPI stain mounting media. All incubations were performed at room temperature unless otherwise mentioned. Primary antibodies used in this study were mouse anti-E-cadherin (BD Transduction Laboratories, 1 : 50 dilutions), mouse anti-N-cadherin (Sigma, 1 : 100 dilutions) and goat anti-vimentin (Santa Cruz, 1 : 100 dilutions). Secondary antibodies were anti-mouse IgG conjugated with alexa-546 (diluted 1 : 1000) and anti-goat IgG conjugated with alexa-488 (diluted 1 : 1000). The fluorescence intensity was assessed with imageJ software (rsbweb.nih.gov/ij/) to provide semi-quantitative measure of the expression level of target proteins. Fluorescent images of approximately 5 spots in at least three independent experiments of each condition were captured by confocal microscope (Zeiss LSM Pascal). The expression level was normalized with DAPI intensity.
For western blotting, the total cellular protein was extracted with lysis buffer (10 mM Tris-HCl, 150 mM NaCl, 1% Nonidet P-40, 10 mM EDTA, and protease inhibitor cocktail; PH 7.4), and cell lysates were centrifuged at 15 000Âg for 15 min at 4 1C. Samples were separated by electrophoresis on mini-protein precast gels (Bio-Rad) and electrophoretically transferred to a polyvinylidene difluoride membrane (Immobilon-P; Millipore). The primary antibodies were as follows: mouse anti-E-cadherin (BD Transduction Laboratories), rabbit anti-alpha-smooth muscle actin (Abcam), and mouse anti-b-actin (Sigma). The membranes were then reacted with horseradish peroxidase (HRP)-conjugated secondary antibody (1 : 10 000 dilution; Jackson ImmunoResearch Laboratories) for 1 h. HRP activity was assayed using chemiluminescent substrate (Thermo Scientific) according to the manufacturer's instruction.
Statistical analyses
Data are presented as the mean AE standard deviations (SD). Statistical analyses were performed with Student's t-test for paired samples. A p-value o 0.05 was considered statistically significant.
Results and discussion
The goal of this study was to investigate how phenotype of hepatocytes is affected by local presentation of GFs. Our experiments demonstrate that phenotype of cells bathed in the same medium and cultured on the same surface may be regulated in a spatially-defined manner using imprinted GFs.
Location-specific differences in cell morphology on GF-containing surfaces Examples of hepatocytes residing on printed ECM/GF spots are provided in Fig. 2 . After 5 days of culture, cells residing on top of HGF started to rolled up into tissue-like spheroids, forming three-dimensional clusters (arrows pointing in Fig. 2) , as has been observed previously by our group. 31 To monitor the effect of different GFs on the morphology of cells on the same surface, we patterned arrays of alternating col/HGF and col/TGF-b1 spots. The center-to-center distance between spots was 1 mm. In our previous report we observed that hepatocytes cultured on printed HGF spots transitioned form monolayer to spheroids at Bday 5 in culture and that these spheroids expressed high levels of hepatic markers. 31 Fig. 2A shows an In the latter case, some of the cells exhibited spindle like morphology common to mesenchymal cells after 5 days in culture. We also prepared collagen type I spots containing a mixture of HGF and TGF-b1. Interestingly, a divergent population of epithelial-like cells and mesenchymal-like cells was observed from a single population of primary rat hepatocytes cultured on a spot containing a mixture of both GFs (Fig. S1A, ESI †) . Overall, micropatterning of HGF and TGF-b on the same surface led to a distinct, location-specific difference in morphology of primary hepatocytes. Given that in hepatocytes HGF and TGF-b promote epithelial and mesenchymal phenotypes respectively, we carried out additional experiments looking at specific markers associated with each phenotype.
Characterization of hepatocellular phenotype on homogeneous GF containing surfaces
In these experiments we sought to characterize phenotype of hepatocytes cultured on surfaces containing only one type of morphogen. Synthesis of albumin -serum protein produced by the liver -was monitored to assess expression of hepatic (epithelial) phenotype on printed GF spots. Primary rat hepatocytes were cultured for four days on four surface types: collagen type I (col) as a control, col/HGF, col/TGF-b, and col/HGF + col/TGF-b. As shown in Fig. 3A , hepatocytes cultivated on col/HGF exhibited high levels of albumin. The upregulation of albumin production by solidphase presentation of HGF has been shown by us previously. 23, 31 In contrast the hepatocytes residing on TGF-b spots exhibited more than 3 fold lower level of albumin at day 4 in culture compared to cells on HGF spots (Fig. 3A) . Interestingly, for spots containing a mixture of HGF and TGF-b, we observed intermediate levels of albumin production, higher than on TGF-b alone but lower than on HGF alone (Fig. S1B, ESI †) . Moreover, we performed experiments where different concentrations of HGF were printed and the rate of albumin secretion was analyzed (Fig. S2 , ESI †). We observed HGF concentration dependent responses in production of albumin in hepatocytes. We would also like to point out our previous work demonstrating GF concentration dependent effects of HGF and BMP7 in protecting hepatocytes against injury. 32 Furthermore, urea production rates were also affected by presence of HGF or TGF-b1 on the culture surface (Fig. S3, ESI †) . While hepatocytes on TGF-b undergo apoptosis at a higher rate than cells on HGF (17% vs. 7%), 32 this cannot explain 2 or 3 fold changes in albumin and urea synthesis. Thus we attribute them to phenotype expression and not cell death.
To further verify the effects of HGF and TGF-b1 on hepatocellular phenotype, western blot analysis was performed to assess total E-cadherin and a-smooth muscle actin (SMA) in hepatocytes cultured for four days on three surface types, HGF/col I spots, 
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TGF-b1/col I spots and col I spots. E-cadherin is an epithelial marker that plays a key role in the maintenance of an epithelial phenotype, whereas the expression of SMA was used as a marker of mesenchymal phenotype. Increased expression of E-cadherin and downregulation of SMA was found to occur concurrently in hepatocytes cultured on HGF spots (Fig. 3B) . In contrast, SMA expression level was higher on TGF-b1 spots. The data in Fig. 3B show that, similar to albumin, cells atop HGF spots showed strong epithelial markers while cells on TGF-b showed weak expression of epithelial marker but higher levels of mesenchymal marker. Additional phenotype analysis was carried out by immunofluorescent staining for cell adhesion markers (E-and N-cadherin). N-cadherin is another mesenchymal marker characteristic of fibroblastic cells. The first EMT event during development is the cadherin switch whereby there is repression in E-cadherin expression and an upregulation in N-cadherin expression. 37 Expression of E-and N-cadherin in hepatocytes residing on GF spots was assessed in order to ascertain induction of mesenchymal or epithelial phenotype with surface-immobilized GFs. These data presented in Fig. 4A -C reveal several interesting observations. Similar to albumin ELISA and western blot analysis, the highest level of E-cadherin expression was observed on HGF spots. In contrast, E-cadherin expression level was significantly lower on TGF-b1 spots. On the other hand, N-cadherin was sharply upregulated in cells on TGF-b1 spots whereas its expression was undetectable in cells cultured on HGF spots (Fig. 4D-F) . Immunofluorescent staining for vimentin, an intermediate filament characteristic of mesenchymal cells and epithelial-to-mesenchymal transition, 38 revealed high levels of expression in cells cultured on TGF-b1 spots (Fig. 4G-I ). The expression of mesenchymal markers was intermediate in cells on collagen spots without growth factors. The fluorescence intensity associated with intracellular E-cadherin, N-cadherin, and vimentin was assessed with imageJ software (Fig. 4J-L) to provide semi-quantitative measure of the immunofluorescence results.
Phenotype expression on heterogeneous GF-containing surfaces
After demonstrating that phenotype of hepatocytes could be modulated by surfaces containing either HGF or TGF-b spots, we wanted to observe how hepatic phenotype would be affected when both types of spots are present on the same culture surface. As described in Fig. 5A , we printed alternating col/HGF and col/TGF-b1 300 mm diameter spots while varying center to center distances as follows: 0.7 mm, 1.0 mm, 1.25 mm, 1.5 mm and 2.0 mm. Immunofluorescent staining for epithelial (E-cadherin and albumin) and mesenchymal (N-cadherin) was used to characterize hepatic phenotype ( Fig. 5B and C) . In the course of these experiments it was observed that cells cultured on HGF and TGF-b1 spots at shorter distance of 0.7 mm had similar levels of E-cadherin, albumin and N-cadherin expression. However, cells cultured on HGF spots at longer distance (2.0 mm) expressed high levels of E-cadherin and albumin, while cells on TGF-b1 strongly expressed mesenchymal marker N-cadherin (Fig. 5B  and C) . Quantification of fluorescence intensity of epithelial markers shown in Fig. 5D and E highlights distance-dependent differences in phenotype. Distance-dependent trend was also observed for N-cadherin (Fig. 5F ). This mesenchymal marker was expressed at a similar level in cells residing on HGF and TGF-b at shorter center-to-center distances, but as the distance increased to 1.5 mm and beyond a clear difference was observed, with N-cadherin levels in hepatocytes on TGF-b1 spots significantly higher than in cells on HGF spots. Additional experiments were carried out to investigate the contributions of HGF signaling to the phenotype divergence behavior described in Fig. 5 . In these experiments, hepatocytes were cultured in presence of HGF receptor (c-met) inhibitor (SU11274) on micropatterned surfaces containing alternating HGF and TGF-b spots. One striking observation was that hepatocytes did not undergo spheroid formation when preincubated with c-met inhibitor. Fig. 6A -i shows images of hepatocytes forming spheroids on HGF spots while remaining as monolayer on TGF-b spots. These data highlight local changes in cellular morphology conferred by imprinted GFs. In contrast, hepatocytes treated with c-met inhibitor (SU11274) did not form spheroids (Fig. 6A-ii) . The level of E-cadherin expression in hepatocytes exposed to c-met blocker was lower for cells cultured on HGF and TGF-b spots compared to controls not treated with c-met blocker ( Fig. 6B and C) . Importantly, the same set of data show that c-met inhibition abrogated distance dependent effects in E-cadherin expression on TGF-b spots. Fig. 6B and D also shows that in the presence of c-met inhibitor, N-cadherin went up on HGF spots. Similarly, there is no distance dependent effect in N-cadherin expression on TGF-b spots. This is in contrast to Fig. 5 that shows an increase in N-cadherin expression as distance increases and, presumably, the concentration of paracrine signals secreted from the HGF-stimulated spots decreases. Similarly, Fig. S4 (ESI †) shows dual E-cadherin/albumin and N-cadherin/ albumin immunostaining in the presence of TGF-b1 blockers. In this case, the effects of TGF-b1 are mitigated and both cadherin and albumin expression are dominated by the printed HGF. Unlike in the case with no blockers where there are increased mesenchymal phenotype characteristics on HGF spots, the epithelial phenotype on HGF spots is favored in the presence of TGF-b1 blockers. This experiment helps prove that TGF-b1 is primarily responsible for the changes in cadherin and albumin expression on HGF spots at closer spot-to-spot distances.
Overall, we demonstrate that hepatic phenotype may depend on both the types of GF signals being delivered and on the distance between cell clusters receiving divergent GF signal. We also demonstrate that signaling through HGF receptor c-met is central to both changes in cellular morphology and communication between the cell clusters. While this remains to be proven experimentally, we hypothesize that hepatocytes atop HGFcontaining protein spots may be stimulated to secrete more HGF or other anti-fibrotic molecules and that these secreted molecules diffuses across to rescue epithelial phenotype in hepatocytes atop TGF-b1 spots. As the inter-spot distance increases the rescue effects of HGF diminish and mesenchymal phenotype promoted by TGF-b1 signaling becomes more pronounced. The center-to-center distance between spots was 1.5 mm and spot size was 300 mm diameter. (B) Immunostaining images showing the lower expression of epithelia cell marker (E-cadherin) and higher expression of mesenchymal marker (N-cadherin) in cells cultured for four days on both HGF and TGF-b1 spots in presence of SU11274. Hepatocytes cultured on micropatterned surfaces containing alternating spots of HGF and TGF-b1 spots in absence of c-met inhibitor were used as control. The center-to-center distance between spots was 0.7 mm and 1.5 mm. (C, D) The fluorescence intensity of E-cadherin and N-cadherin was quantified using imageJ software and normalized with their DAPI intensity. Data are mean AE SD, n = 3. Scale bar: 100 mm.
Our findings on distance dependence of hepatocellular phenotype are consistent with reports of Bhatia and co-workers who pointed to the presence of diffusible signals effective in stimulating hepatic phenotype at distances of up to 1 mm in stimulating hepatic phenotype.
27,39
Conclusions
The present study investigated the phenotype of primary rat hepatocytes cultured on printed protein spots containing HGF and TGF-b1 molecules. Cultivation of cells on HGF spots resulted in high levels of hepatic phenotype expression whereas hepatic cultures on TGF-b1 and mixed HGF-TGF spots showed lower levels of liver marker expression. Subsequent characterization revealed that printed TGF-b1 induced hepatocytes to exhibit mesenchymal characteristics, with some cells adopting fibroblast-like morphology, with decreased membrane-bound E-cadherin and increased N-cadherin. Additional set of experiments demonstrated that phenotype of hepatocytes cultured on arrays containing alternating spots of HGF and TGF-b1 spots was dependent on spot to spot distance. When the center to center distance exceeded 1.25 mm, hepatocytes on HGF spots showed high levels of albumin and E-cadherin expression whereas hepatocytes on neighboring TGF-b1 spots exhibited lower levels of these liver markers. This experiment is particularly interesting as it suggests that phenotype expression of cells bathed in the same culture medium may be guided by patterning GFs on culture surfaces. These observations are summarized in a diagram of Fig. 7 , with mixed phenotype of hepatocytes (both epithelial and mesenchymal markers expressed) at shorter distances and divergence of phenotypes at longer distances between the spots. The platform described in this paper may be used in the future for further understanding the underlying mechanisms involved in EMT of the liver. There is also potential for surfaces patterned with growth factors to be used in tissue engineering where divergent cell populations are required to recapitulate a tissue or organ of interest. Fig. 7 Schematic diagram showing the generation of divergent phenotypes in primary hepatocytes (point of origin) using growth factor micropatterning. We demonstrate that hepatocytes residing on HGF spots express epithelial (hepatic) markers such as albumin and E-cadherin whereas hepatocytes on TGF-b1 express N-cadherin and vimentinmesenchymal markers. Interestingly, we find that the differences in expression of epithelial vs. mesenchymal markers are much more pronounced at longer distances suggesting that the HGF can rescue liver-specific functionality of hepatocytes exposed to TGF-b1 in distance-dependent manner.
